Introduction 45
Integrative and conjugative elements (also known as conjugative transposons) and 46 conjugative plasmids are key elements in horizontal gene transfer and are capable of mediating 47 their own transfer from donor to recipient cells. ICEBs1 is an integrative and conjugative 48 element found in some Bacillus subtilis strains. Where found, ICEBs1 is integrated into the 49 leucine tRNA gene trnS-leu2 ( Fig. 1) (7, 14, 21) . 50 ICEBs1 gene expression, excision, and potential mating are induced by activation of RecA 51 during the SOS response following DNA damage (7). In addition, ICEBs1 is induced by 52 increased production or activation of the ICEBs1-encoded regulatory protein RapI. Production 53 and activity of RapI are indicative of the presence of potential mating partners that do not contain 54 a copy of ICEBs1 (7) . Under inducing conditions, the ICEBs1 repressor ImmR (6) is inactivated 55 by proteolytic cleavage mediated by the anti-repressor and protease ImmA (12). Most ICEBs1 56 genes then become highly expressed (7). One of these genes (xis) encodes an excisionase, which 57 in combination with the element's integrase causes efficient excision and formation of a double-58 stranded circle (7, 38) . The circular form is nicked at the origin of transfer, oriT, by a DNA 59 relaxase, the product of nicK (39). Under appropriate conditions, ICEBs1 can then mate into B. 60 subtilis and other species, including the pathogens Listeria monocytogenes and B. anthracis (7) . 61
Once transferred to a recipient, ICEBs1 can be stably integrated into the genome at its attachment 62 site in trnS-leu2 by the ICEBs1-encoded integrase (38) . 63
In contrast to what is known about ICEBs1 genes and proteins involved in excision, 64 integration, and gene regulation, less is known about the components that make up the Gram-65 positive mating machinery, defined as the conjugation proteins involved in DNA transfer (18, 66 24 ). The well-characterized Gram-negative mating machinery can serve as a preliminary model 67 (15, 16, 37, 48) . The Gram-negative mating machinery is a Type IV secretion (T4S) system 68 composed of at least eight conserved proteins that span the cell envelope. For example, the 69 conjugation apparatus of the Agrobacterium tumefaciens Ti plasmid (pTi) is composed of 11 70 proteins (VirB1 through VirB11) including the ATPase VirB4 (16). VirB4 family members 71 interact with several components of their cognate secretion systems and may energize machine 72 assembly and/or substrate transfer (16, 48) . The secretion substrate is targeted to the conjugation 73 Some of the proteins encoded by Gram-positive conjugative elements are homologous to 81 components of the conjugation machinery from Gram-negative organisms (1, 9, 14, 29) 82 indicating that some aspects of conjugative DNA transfer may be similar in Gram-positives and 83
Gram-negatives. For example, ConE (formerly YddE) of ICEBs1 has sequence similarities to 84 VirB4 (29). YdcQ may be the ICEBs1-encoded coupling protein as it is phylogenetically related 85 to other coupling proteins (29, 44). Despite some similarities, the cell envelopes and many of the 86 genes encoding the conjugation machinery are different between Gram-positive and Gram-87 negative organisms, indicating that there are likely to be significant structural and mechanistic 88 differences as well. 89
To begin to define the conjugation machinery of ICEBs1 and to understand spatial aspects of 90 conjugation, we examined the function and subcellular location of ConE of ICEBs1. Our results 91 indicate that ConE is likely a crucial ATPase component of the ICEBs1 conjugation machinery. 92
We found that ConE and excised ICEBs1 DNA were located at or near the cell poles. We 93 propose that the conjugation machinery is likely located at the cell poles and that mating might 94 occur from a donor cell pole. 95
96

Materials and Methods 97
Media and growth conditions 98
For B. subtilis and E. coli strains, routine growth and strain constructions were done on LB 99 medium. For all reported experiments with B. subtilis, cells were grown at 37 o C in S7 defined 100 minimal medium (54) with MOPS buffer at 50 mM rather than 100 mM, with 0.1% glutamate 101 and supplemented with auxotrophic requirements (40 µg/ml tryptophan; 40 µg/ml phenylalanine; 102 200 µg/ml threonine) as needed. Either 1% glucose or succinate was used as a carbon source, as 103 indicated. Antibiotics were used at standard concentrations (27). 104
Strains, alleles, and plasmids 105
E. coli strains used for routine cloning were AG115 (MC1061 F'lacI q lacZ::Tn5) and 106 AG1111 (MC1061 F'lacI q lacZM15 Tn10). B. subtilis strains used in experiments and their 107 relevant genotypes are listed in Table 1 and are derivatives of JH642 containing the trpC2 and 108 pheA1 mutations (45). B. subtilis strains were constructed by natural transformation (27) or 109 conjugation (7). Strains cured of ICEBs1 (ICEBs1 0 ), the spontaneous streptomycin (str) resistant 110 allele, ∆(rapIphrI)342::kan, and ICEBs1::kan were described previously (7). The unmarked 111 deletions ∆nicK306 (39) and ∆xis190 (38) and the tau-YFP (dnaX-yfp) fusion (42) have also 112 been described. All cloned fragments into newly constructed plasmids were verified by 113 sequencing. 114 (i) Unmarked conE mutations. The basic strategy for constructing unmarked alleles of conE 115 was similar to that previously described for construction of ∆nicK306 (39). conE∆(88-808) is an 116 unmarked, in-frame deletion of codons 88 through 808 of conE, resulting in the fusion of codons 117 1 through 87 to codons 809 through 831. This deletion keeps the upstream and overlapping yddD 118 gene intact. The splice-overlap-extension PCR method (28) was used to generate a 1.9 kb DNA 119 fragment containing the conE∆(88-808) allele. This fragment was cloned into the 120 chloramphenicol resistance vector pEX44 (19)), upstream of lacZ. The resulting plasmid, 121 pMMB941, was used to replace conE with conE∆(88-808) in strain JMA168. 122
Mutations in the Walker A and B motifs of conE were made using a strategy similar to that 123 for construction of conE∆(88-808). conE(K476E) contains an unmarked missense mutation in 124 conE, converting a lysine at codon 476 to a glutamic acid. conE(D703A/E704A) contains two 125 missense mutations, converting the aspartate and glutamate at 703 and 704 in conE to alanines. 126 DNA fragments (3 kb) containing the conE alleles were generated by PCR and cloned into pKG1 127 mgfpmut2) tet} were generated using a similar strategy but using PCR fragments synthesized 161 from templates pMMB1082 for conE∆(88-808) and pMMB1083 for conE(K476E). 162
ConE-GFP was partially functional in mating. Expression of yddD and conE-gfp from their 163 presumed native promoter (Pxis) at the heterologous site (lacA) in conE (K476E) donors 164 increased the frequency of mating at least 250-fold (0.001% mating efficiency for strain 165 MMB1134 compared to <0.000004% for MMB1118). In addition, expression of conE-gfp at 166 lacA in conE + donors had no effect on mating frequency (8% mating efficiency for strain 167 MMB968 compared to 7% for JMA168). 168 (vi) Visualization of chromosomal regions using the lac operator/lac repressor system. The 169 lac operator/lac repressor system has been used previously to visualize chromosome regions in 170 B. subtilis (e.g., (42, 50, 56)). To mark the 47° (in ICEBs1) and 48° (outside of ICEBs1) regions, 171 we inserted a plasmid containing a tandem array of lac operators near yddM (pMMB779) and 172 ydeDE (pMMB854), respectively, by single crossover. yddM (47°) and ydeDE (48°) are not 173 disrupted in these constructs. We inserted a 466 bp PCR fragment of the 3' end of yddM into the 174
NheI and EcoRI sites of pPSL44a to generate pMMB779. pPSL44a is pGEMcat containing an 175
XhoI fragment from pLAU43 that includes a 4.5 kb array of lac operators (11). Ten base pairs of 176 random sequence intersperses each lacO site of pLAU43, leading to greater genetic stability by 177 reducing the frequency of recombination (35). We inserted a 728 bp PCR fragment including the 178 3' ends and intergenic region between ydeD and ydeE into the NheI and EcoRI sites of pPSL44a 179 to generate pMMB845. The lac operator arrays were amplified in vivo by selecting for resistance 180 to chloramphenicol (25 µg/ml) as described previously (56).
Mating Assays 182
We assayed ICEBs1 DNA transfer as described previously (7). We used donor B. subtilis 183 cells in which ICEBs1 contained a kanamycin resistance gene. Recipient cells lacked ICEBs1 184 (ICEBs1 0 ) and were distinguishable from donors as they were streptomycin resistant. Donors and 185 recipient cells were grown separately in minimal glucose medium for at least four generations. 186
ICEBs1 was induced in the donors in mid-exponential phase (optical density at 600 nm to ~0.4) 187 by addition of IPTG (1 mM) for 1 hr to induce expression of rapI (from Pspank(hy)-rapI). Conjugative transfer of ICEBs1 is a multi-step process. Previous work indicated that conE is 211 not required for ICEBs1 gene expression, excision, integration, circularization, or nicking (6, 7, 212 12, 38, 39). Since ConE is a putative ATPase and distantly related to other ATPases known to be 213 required for conjugation, we tested the effects of conE mutations on mating of ICEBs1. 214
We constructed three different conE alleles: 1) an in-frame deletion {conE∆(88-808)} 215 removing codons 88 through 808 (of 831); 2) a missense mutation in the Walker A box 216 {conE(K476E)} that is predicted to eliminate nucleotide binding; and 3) a double missense 217 mutation in the Walker B box {conE(D703A/E704A)} that is predicted to eliminate ATPase 218 activity {reviewed in (26)}. Each conE mutant allele was introduced unmarked into ICEBs1 219 replacing the wild type allele (see Materials and Methods). 220
We found that conE is required for ICEBs1 conjugative transfer. We compared mating 221 efficiencies of ICEBs1 from donor strains containing the various conE alleles into recipient B. 222 subtilis cells lacking ICEBs1 (Fig. 2 ). ICEBs1 was induced by overproduction of RapI from a 223 heterologous promoter and potential donor cells were mixed with potential recipients that lacked 224 ICEBs1, essentially as described (7). The donor ICEBs1 contained an antibiotic resistance 225 marker that had been inserted to allow selection and monitoring of ICEBs1 acquisition (7). A 226 donor strain with an intact conE (conE + ) transferred ICEBs1 with an average mating frequency 227 of ~7% {percent transconjugant colony forming units (CFU) per donor CFU; Fig. 2a} . In 228 contrast, there were no detectable transconjugants from the ICEBs1 conE mutants ( Fig. 2b-d ). 229
Consistent with previous results indicating that conE is not involved in ICEBs1 gene 230 expression, excision, or circularization (6, 7, 12, 38, 39), we found that neither conE(K476E) nor 231 conE∆(88-808) mutant alleles had any detectable effect on these processes (data not shown). 232
Complementation tests with conE 233
We used complementation tests to determine if the defect in mating caused by the 234 conE(K476E) mutation was due to loss of ConE function and/or an unintended effect on some 235 other gene. The defect in mating caused by the conE(K476E) mutation was complemented 236 partially when wild type conE was provided in the donor in trans under control of the ICEBs1 237 promoter Pxis ( Fig. 2e ). Measurements of mRNA levels using DNA microarrays indicated that 238 the partial complementation is not due to unexpected defects in expression of other ICEBs1 239 genes or of Pxis-conE (data not shown). 240
The partial complementation of the conE(K476E) mutation is probably due, in part, to 241 inefficient translation of wild type ConE expressed from Pxis-conE. yddD, the gene immediately 242 upstream of conE, is predicted to overlap with the first 37 codons of conE, and thus the two are 243 likely to be translationally coupled. Complementation of the conE(K476E) mutant was 244 significantly increased when yddD and conE were expressed together (Pxis-yddD conE) than 245 when conE was expressed alone (Pxis-conE) ( Fig. 2e, f ). Neither expression of yddD alone nor 246 expression of yddD and conE(K476E) together improved the efficiency of transfer of the ICEBs1 247 conE mutant (Fig. 2g, h) . conE(K476E) was complemented fully if an additional copy of 248
ICEBs1 was placed at the ectopic locus thrC (Fig. 2i) 
ConE-GFP localizes to the cell poles, in close association with the membrane 260
We found that ConE is located predominantly at the cell poles, in close association with the 261 membrane. We visualized the subcellular location of ConE in live cells by visualizing a fusion of 262 GFP to the C-terminus of ConE. conE-gfp was expressed from its presumed native promoter 263 (Pxis), together with yddD, at the heterologous locus (lacA) outside of ICEBs1. This fusion was 264 partially functional and did not interfere with transfer of conE + ICEBs1 (see Materials and 265 Methods). Most experiments using ConE-GFP were done with strains that also contained a wild-266 type version of conE in ICEBs1. 267
We monitored ConE-GFP prior to and after induction of ICEBs1 gene expression. Little or 268 no fluorescence was observed in cells in which ICEBs1 gene expression was not induced (data 269 not shown). This was expected since the Pxis promoter driving expression of conE-gfp is not 270 active without induction (6, 7, 12). When ICEBs1 gene expression was induced by 271 overproduction of RapI, ConE-GFP was found predominantly at the cell poles in most cells ( Fig.  272 stained with the dye FM4-64 ( Fig. 3B ). ConE-GFP appeared to form a "polar cap" along the 274 entire pole near the membrane. ConE-GFP was most often found at both cell poles, but was also 275 commonly observed at only one pole. A lower level of fluorescence was also detected 276 throughout the cell and sometimes along the lateral sides of the cells. 277
Positioning of ConE-GFP at the cell poles requires at least one other ICEBs1 gene 278
The polar positioning of ConE-GFP did not depend on the wild type conE in ICEBs1. We 279 visualized ConE-GFP in cells deleted for conE {conE∆(88-808)} at its native locus in ICEBs1 280 and found that its subcellular position was indistinguishable from that in cells expressing wild 281 type conE (Fig. 3C) . These results indicate that the positioning of ConE-GFP at the poles does 282 not depend on expression of wild-type conE in ICEBs1. In addition, we fused conE∆(88-808) to 283 gfp and expressed this from Pxis (along with yddD) as above. The ConE∆(88-808)-GFP fusion 284 was found throughout the cyptoplasm, both in the presence and absence of functional conE in 285 ICEBs1 ( Fig 3D; data not shown). These results indicate that ConE∆(88-808)-GFP is not 286 capable of localizing at the cell poles. 287
We found that positioning of ConE-GFP to the membrane and cell poles required at least one 288 other ICEBs1 gene. In cells missing ICEBs1 entirely (ICEBs1 0 ), ConE-GFP was dispersed 289 throughout the cytoplasm (Fig. 3E ). In these experiments, ConE-GFP was produced 290 constitutively from Pxis in combination with YddD (Pxis-yddD conE-gfp). These results indicate 291 that proper positioning of ConE-GFP at the poles and near the membrane requires an ICEBs1 292 gene product and that YddD is not sufficient to recruit ConE-GFP to the membrane. (formerly yddH), yddI, yddJ,and yddM} contain one or more predicted transmembrane segments 302 ( Fig. 1 ). We do not yet know which, if any, of these proteins are involved in membrane 303 association of ConE, but we favor a model in which at least one of these ICEBs1 proteins 304 interacts with ConE and targets it to the polar membrane. 305
Positioning of ConE-GFP at the cell poles does not require a functional conE 306
We found that positioning of ConE at the poles did not require that ConE be functional for 307 mating. We fused the mating-deficient allele conE(K476E) to gfp and expressed this fusion from 308 Pxis (along with yddD) as above. Following induction of ICEBs1, ConE(K476E)-GFP was 309 found at the cell poles near the membrane (Fig. 3F ) similar to the location of wild-type ConE-310 GFP (Fig. 3A, B ). This polar localization of ConE(K476E)-GFP did not depend on a functional 311 copy of conE in ICEBs1 (data not shown). Since ConE(K476E) localized properly but did not 312 support mating, these results indicate that positioning of ConE at the cell poles is not sufficient 313 for its function in mating. Furthermore, assuming that the ConE(K476E) mutant protein is 314 defective in nucleotide binding, as predicted, these results indicate that neither binding nor 315 hydrolysis of ATP by ConE is required for its proper subcellular positioning.
Following induction, ICEBs1 DNA is found more frequently at the cell poles 317
We determined the subcellular location of ICEBs1 DNA in live cells and compared this with 318 the location of nearby chromosomal DNA (Fig. 4) . These comparisons were done in cells with 319 ICEBs1 integrated in the genome in its normal attachment site at 47° and in cells in which 320
ICEBs1 was induced to excise (through overproduction of RapI). We inserted an array of lac 321 operators (lacO) in the right end of ICEBs1, adjacent to yddM (47°), or outside of ICEBs1, 322 adjacent to ydeD, at 48° in the chromosome (Materials and Methods). We visualized the 323 location of the lacO array using a fusion of Lac repressor to the cyan fluorescent protein (LacI-324 CFP). The position of LacI-CFP is indicative of the subcellular position of either double 325 stranded ICEBs1 DNA or chromosomal DNA, depending on the location of the lacO array. 326
We examined cells growing slowly, when most cells were generally engaged in no more than 327 one round of replication. Under these conditions, most cells contain one incompletely replicated 328 chromosome, and therefore contain one or two copies of each chromosomal region. Without 329 induction, ICEBs1 DNA is integrated into the chromosome near 47° (7, 38). As expected, we 330 found that most uninduced cells (88% of 1535 cells) contained one or two foci of double-331 stranded ICEBs1 DNA (Fig. 4A) . In cells with a single focus, the ICEBs1 DNA was generally 332 located near midcell (Fig. 4A ). Approximately 94% of these cells (of 246 cells with a single 333 focus) had the focus in the middle 50% of cell length. Only 6% of cells (of 246) had the focus of 334 ICEBs1 DNA in a polar quarter of the cell. These findings are consistent with expectations for 335 this region of the chromosome based on previously published findings (11, 40, 50, 56) . 336
In contrast to the position of ICEBs1 when integrated in the chromosome, significantly more 337 cells had a focus of ICEBs1 DNA in a polar quarter after induction and excision. Overproduction 338 of RapI causes efficient induction of ICEBs1 gene expression, excision from the chromosome, and formation of a double stranded circle (7, 38, 39) . Under these conditions, most cells (87% of 340 1804 cells) contained one or two foci of double-stranded ICEBs1 DNA (Fig. 4B ), similar to that 341 in uninduced cells (Fig. 4A ). However, following induction, 41% of cells (of 489) with a single 342 focus of ICEBs1 DNA had the focus in a polar quarter, an ~7-fold increase compared to that in 343 uninduced cells (6%). These results indicate that ICEBs1 DNA is found more frequently near a 344 cell pole following excision than when integrated in the chromosome. 
Polar positioning of ICEBs1 following induction depends on excision 357
We found that excision of ICEBs1 from the chromosome was required for the increase in 358 ICEBs1 foci that were in the polar quarters of the cell. We induced ICEBs1 gene expression in 359 an xis null mutant incapable of excision. ICEBs1 gene expression is induced normally in 360 excision-defective mutants (J. Auchtung, CAL, ADG, unpublished results). After induction of 361 ICEBs1 gene expression in the xis mutant, we found that only 13% of cells (of 276 cells) with a single focus of ICEBs1 had the focus in a polar quarter (Fig. 4D ). This is in contrast to the 41% 363 of xis + cells with ICEBs1 in a polar quarter (Fig. 4B) . Thus, the change in position of ICEBs1 364 DNA upon induction likely requires its excision from the chromosome. This result is consistent 365 with either ICEBs1 DNA appearing at the poles due to direct association with the conjugation 366 machinery or due to its random positioning in the cell once it is released from the chromosome. 367
In contrast to the requirement for xis for the high frequency of ICEBs1 DNA found near the 368 cell poles, xis was not required for polar positioning of ConE-GFP. Following induction of 369 ICEBs1 carrying a xis deletion, ConE-GFP localization was indistinguishable from that of xis + 370 ICEBs1 (Fig. 3G ). Together, these results indicate that excisionase is required for the change in 371 position of ICEBs1 DNA upon induction and that polar positioning of ConE-GFP is most likely 372 not due to association with ICEBs1 DNA at the poles. 373
The position of the replication machinery is altered following induction of ICEBs1 374 Excision of ICEBs1 generates an extrachromosomal circle, analogous to a circular plasmid. 375
Previous work indicated that the subcellular position of replisome proteins was altered in cells 376 containing a multi-copy plasmid (55). We therefore wished to determine if excision of ICEBs1 377 caused altered subcelluar positioning of the replisome. We visualized the location of one 378 component of the replication machinery using a functional fusion of the Tau subunit of DNA 379 polymerase to yellow fluorescent protein (YFP) (42). Components of the replisome (the complex 380 of replication proteins associated with a replication fork) normally form discrete foci at regular 381 positions (41, 43). During slow growth when most cells are engaged in no more than one round 382 of replication at a time, most cells have one focus or two closely spaced foci of the replisome 383 located near midcell along the length of the rod-shaped cell (10, 41). 384
Consistent with previous results, we found that during slow growth, only a small fraction of 385 cells with ICEBs1 integrated in the chromosome (uninduced) had a focus of Tau-YFP in a polar 386 quarter. Of 250 cells with a single focus of Tau-YFP, only 4% had the focus in a polar quarter 387 (Fig. 4E) . In contrast, following excision of ICEBs1, induced by overproduction of RapI, the 388 replication machinery was much more frequently observed in the polar quarters. Of 212 cells 389 observed with a single focus of Tau-YFP, 32% had the focus in a polar quarter (Fig. 4F) . We 390 suspect that the replisome foci were associated with ICEBs1 DNA, although we have not been 391 able to test this directly. Due to photo-bleaching, we were unable to capture high quality 392 We found that ConE (formerly YddE) and its ATPase motifs are required for conjugation of 400 the integrative and conjugative element ICEBs1 of B. subtilis. We found that a ConE-GFP fusion 401 was positioned predominantly at the cell poles, apparently associated with the membrane, and 402 that this positioning required at least one other ICEBs1 gene product. In addition, after excision 403 from the chromosome, ICEBs1 DNA was found more frequently near the cell poles. Results with the few Gram-positive VirB4 homologs that have been studied indicate that 416 these proteins likely operate analogously to A. tumefaciens VirB4. The VirB4-like TcpF protein 417 of the Clostridium perfringens plasmid pCW3 is required for DNA transfer and localizes to the 418 cell poles (9, 51). Another VirB4-homolog, Orf5 pIP501 of the broad host-range plasmid pIP50, 419 interacts with itself and several putative components of its cognate conjugation machinery (1) . 420
Subcellular location of conjugation proteins 421
ConE-GFP appears associated with the cell membrane and predominantly at both cell poles, structurally complex as its Gram-negative counterpart (1, 9, 51 C.
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